energy cane growth, physiology, and biomass yield. Energy cane was planted in fall 2012, was harvested after establishment in 2013, and was allowed to ratoon for biomass yield in 2014 and 2015. The plant spacing had varied effects on energy cane growth and physiology, but no effect on biomass yield. Wide spacing resulted in increased tiller and leaf numbers, but spacing had no effect on other growth and physiological parameters at the p < 0.05 level. The results suggested that energy cane possesses the ability to adjust plant growth according to plant spacing without compromising its biomass yield and can effectively use wide spacing (1.83 ´ 0.91 m) commonly adopted for sugarcane planting. Wide spacing can reduce seeding cost and energy during planting and will allow the use of existing sugarcane farm machinery for energy cane production. The high biomass yield (18.8-25 .1 Mg ha −1 ) of energy cane obtained in this study also suggests that energy cane can be successfully produced for lignocellulosic feedstock.
weed growth, photosynthetic capacity, and dry matter yield (Gascho and Shih, 1981; Tollenaar et al., 1994; Murphy et al., 1996) . The aim in determining the two planting dimensions is to find out the specific combination under which ground cover is achieved earliest during crop growth. Sugarcane is usually planted with 1.8-to 1.9-m row spacing to control wheel traffic and soil compaction (Robotham, 2000; Garside et al., 2009) . Currently, planters for sugarcane are also used in planting energy cane. This is because of two reasons: first, commercial production of lignocellulosic biofuel is still in inception, and thus energy cane is not yet a widely adopted farm crop; second, the optimum density for planting energy cane is not known to design and develop a dedicated planter. However, the aim of cultivating energy cane is for biomass yield and is considerably different from that of sugarcane, which is grown for sugar content. No such studies on energy cane were found. Some previous studies on sugarcane (Garside et al., 2005; Bell, 2009a, 2009b) did not find any difference in yield between narrow and wide spacing. However, many studies (Irvine and Benda, 1980; Gascho and Shih, 1981; Mui et al., 1997; Raghu et al., 2006) reported higher biomass yield with narrow spacing than with wide row spacing. Planting cane in narrow rows produces early canopy closure, resulting in more efficient capture of solar energy that may affect cane diameter, length, and weight, which contribute to final yields. An increase of >20% biomass yield has been reported (Irvine and Benda, 1980) in sugarcane when intrarow spacing reduced from 0.76 to 0.19 m. Mui et al. (1997) also reported an increase in biomass yield in sugarcane when the row distance was narrowed from 1.5 to 0.9 m. Gascho and Shih (1981) found higher aboveground biomass in young sugarcane with narrow row spacing than with wider row spacing because of more effective weed control and more capture of available sunlight due to higher stalk population. Hence, biomass yield potential of energy cane was investigated in this research using commonly practiced sugarcane planting spacing.
In this study, three inter-row and two intra-row spacing combinations were compared for differences in the rate of growth, physiological processes, and final biomass yield of energy cane with common sugarcane planting spacing of 1.83 ´ 0.91 m as a control. The objectives of this study were (i) to evaluate the effect of six plant spacings (i.e., 
MATERIALS AND METHODS
The experiment was conducted at the Fort Valley State University's Agricultural Research Farm, Fort Valley, GA.
The experimental site was located at 32°30¢ N and 83°52¢ W, with elevation of 155 m asl. The soil is classified as Orangeburg loamy fine sand (fine loamy, kaolinitic, themic Typic Kandiudults) with 2 to 5% slope (USDA-NCRS, 2015) . At the initiation of the experiment in early October 2012, the soil had 6.6 pH, 650 g sand kg , and 5.9 g organic C kg −1 at the 0-to 0.30-m depth. Average (40-yr) air temperature at the site ranges from 8°C in January to 27°C in July, and total annual precipitation is 1215 mm. Type II energy cane cultivar HO 72-114, developed by the USDA Sugarcane Breeding Program at Houma, LA, was selected in this study and was planted in October 2012. The seed beds were prepared by harrowing to a depth of 0.15 to 0.20 m using discs and leveling with an S-tine harrow to a depth of 0.10 m. Furrows (0.10 m deep) were prepared using the harrow and cutting from the mature stalk containing two nodes (energy cane setts) of energy cane were used in six different plant spacing (1.22 ´ 0.61, 1.22 ´ 0.91, 1.52 ´ 0.61, 1.52 ´ 0.91, 1.83 ´ 0.61, and 1.83 ´ 0.91 m) treatments. The spacing combination of 1.83 ´ 0.91 m, corresponding to the current planting spacing practiced for sugarcane cultivation, was considered the control in the study. At planting, N fertilizer as ammonium nitrate (34% N) and compound fertilizer (10% N, 4.4% P, and 8.3% K) at 150 kg N ha , and 50 kg K ha −1 was broadcast applied to the plots. The fertilization process was repeated in 2014 and 2015 after energy cane emergence. Each plot consisted of four 9.14-m-long (30-ft-long) rows, and each row with 0.61-m (2-ft) intra-row spacing had 15 plants, whereas rows with 0.91-m (3-ft) intra-row spacing had 10 plants. Treatments were arranged in a randomized complete block design with three replications. Plants were grown under rainfed conditions, and no irrigation was applied.
After harvesting, the crop was allowed to ratoon, regained full cover by first week of May, and was harvested by October every year of experimentation. The changes in plant growth and physiology were observed from 8 wk after crop emergence until harvesting at regular intervals. Crops continued active vegetative growth until September, and then a gradual decrease in active vegetative growth rate was observed in all the years. Plant growth and physiological parameters like plant height, tiller number, number of green leaves, leaf area index (LAI), net photosynthesis rate, and total chlorophyll content were selected. Changes over the growth period and differences among plant spacing treatments were observed. Two plants per plot were randomly tagged 4 wk after crop emergence every year, and all the parameters were recorded from these selected plants. Height of plants, number of tillers per plant, and LAI were measured every 2 wk, whereas green leaves per plant, net photosynthetic rate, and total chlorophyll content in leaves were measured monthly. The uppermost nodes of the plants were measured from the ground for height determination, as recommended by Cornelissen et al. (2003) and Heady (1957) . Leaf area index of the standing crop was measured with a plant canopy analyzer (LAI-2000, LI-COR). Fully developed and exposed leaves in the upper canopy of the plants were selected to measure net photosynthesis rate using a handheld photosynthesis system (CI-340, CID Bio-Science). Total chlorophyll content in the middle portion of the same leaves was measured using chlorophyll content meter (CCM-300, Opti-Science).
highest in 2013 (843 mm), followed by 2015 (521 mm) and 2014 (423 mm). Monthly distribution of precipitation during May to September was uniform in 2013, but not in 2014 and 2015, as less rainfall was recorded in August 2014 (17 mm) and June 2015 (23 mm). Variations in precipitation among observation dates and years are expected to affect energy cane growth, physiology, and biomass yield, which are discussed below.
Energy Cane Growth and Physiology

Plant Height
Plant height differed significantly among plant spacing treatments, years, and dates of observation (Table 1) . Interactions were significant for spacing ´ year, spacing ´ date of observation, year ´ date of observation, and spacing ´ year ´ date of observation. The repeated measure of ANOVA with plant growth stage as a repeated variable and plant spacing as a fixed variable showed that there was significant effect of plant growth stage on the height of plants at the p < 0.05 level for all six plant spacing conditions [F(10, 300) = 2508.14, p < 0.0001; F (7, 210) = 1663.19, p < 0.0001; and F(8, 240) Post hoc comparisons using the Tukey test indicated that the average plant height at later stage of plant growth were significantly higher than earlier stages (Fig. 3) at p < 0.05 level. Plant height increased from June to October in all treatments from 2013 to 2015. Physiological nature of plant development and absence of abnormal temperature and precipitation ( Fig. 1 and 2 ) likely increased the plant height.
The yearly difference in plant height was analyzed by comparing plant height at the harvesting stage of plant growth each year (Table 2 ). Plant height was significantly different among the years at the p < 0.05 level. However, the effects of plant spacing and plant spacing ´ year interaction on plant height were not significant. The average plant height across all plant spacings was significantly the highest in 2015 (2.56 m), followed by 2014 (2.30 m) and 2013 (2.13 m). Energy cane produced taller plants as the years progressed, suggesting that it requires few years to become fully established.
Tiller Number
Similar to plant height, tiller number per plant varied among plant spacings, years, and dates of observation, with significant interactions for spacing ´ year, spacing Energy cane stubbles were left in the field at harvesting in fall 2013 and 2014 to allow ratoon growth for the next year. The harvesting was done by October every year. Plants were harvested, and fresh biomass weight was recorded in the field. Ten stalks were ground, and composite samples were taken for drying. Samples were dried in the oven at 60°C until constant weight was achieved. Dried samples were weighed, and dry matter proportion was calculated from the ratio of dry sample weight to fresh sample weight. Daily air temperature and monthly precipitation from 2013 to 2015 were obtained from the archive maintained at the Georgia Automated Environmental Monitoring Network, Griffin Campus, University of Georgia, from the weather station ?1 km away from the experimental site.
The growth and physiological parameters were analyzed using two statistical procedures. The overall changes in parameters were analyzed with the analysis of repeated measures procedure in the SAS-MIXED model (Littell et al., 1996 ) using SAS 9.4 (SAS Institute, 2013 . Plant spacing was considered as a fixed effect, replication as the random effect, and date of observation (which varied according to parameter and year) as the repeated measure variable. Means were separated using the Tukey method when treatments and interactions were significant.
The number of measurements of growth and physiological parameters were different for same parameter and were at different growth stages of plants in different years. Therefore, given the nature of the physiological parameters, in addition to overall changes in parameters, yearly comparison of parameters was done at specific plant growth stages (i.e., plant height and tiller number per plant at the harvest stage, leaf number per plant and LAI at the maximum vegetative growth stage) or at all stages (net photosynthesis rate and total chlorophyll content) each year. For this, data were analyzed using two-way ANOVA (plant spacing ´ year) in the statistical software R (version 3.2.5; R Core Team, 2016). Plant spacing and year were considered as fixed effects, and replication as the random effect. Means were separated using the Tukey's honest significant difference test with the "agricolae" package in R (De Mendiburu, 2014) . All the graphical plots were prepared using the "ggplot2" package in R (Wickham, 2009) . Statistical significance was evaluated at p < 0.05, unless otherwise mentioned.
RESULTS AND DISCUSSION Air Temperature and Precipitation
Average daily maximum and minimum air temperatures did not vary among years during plant growth periods (Fig. 1) . Temperatures increased during the early to medium growth stage of plants (May-August) and then started decreasing. Temperatures were lowest in January and then started increasing in all years. Average daily maximum and minimum air temperatures were 33.9 to 36.6°C and −12.6 to 5.4°C, respectively, in July through August and in January from 2013 to 2015. Total annual precipitation was highest in 2013 (1809 mm), followed by 2015 (1527 mm) and 2014 (1285 mm) (Fig. 2) . Total precipitation during the early plant growth stage to the maximum vegetative stage (May-September) was date of observation, year ´ date of observation, and spacing ´ year ´ date of observation (Table 1) .
There was a significant effect of plant growth stage on tiller number per plant at the p < 0.05 level for all six plant spacing conditions [F(10, 300) = 90.83, p < 0.0001; F(7, 210) = 46.41, p < 0. The post hoc test using the Tukey method suggested that spacing ´ plant growth interaction was the determining factor for tiller number per plant. The interaction effect showed that the wide spacing (1.83 ´ 0.91 m) at later stages of plant growth was significantly higher in tiller number per plant compared with narrow spacing and early stages of plant growth (Fig. 4) . The mean difference test also suggested that the tiller number per plant increased until the maximum vegetative stage (September).
The yearly difference in tiller number per plant was analyzed by comparing tillers at the harvesting stage of plant growth each year ( Table 2 ). The tiller number per plant varied significantly among different plant spacings 
Leaf Number
Leaf number per plant also varied among plant spacings, years, and dates of observation, with significant interactions for spacing ´ year, spacing ´ date of observation, year ´ date of observation, and spacing ´ year ´ date of observation (Table 1) .
The repeated-measure ANOVA showed that the stage of plant growth had a significant effect on leaf The yearly difference in leaf number per plant was analyzed by measuring leaf number per plant at the maximum vegetative stage (second or third week of September) ( Table 2 ). Leaf number per plant significantly varied among years and plant spacings (p < 0.05); however, it did not show any significant difference among plant spacing ´ year. The average leaf number per plant was significantly higher in 2014 (227) than in 2015 (195) 
Leaf Area Index
The LAI also varied with spacing and date of observation, with significant interactions for spacing ´ year, spacing ´ date of observation, year ´ date of observation, and spacing ´ year ´ date of observation (Table 1) .
The effect of plant growth stage on LAI was significant at p < 0.05 for all years [F(6, 180) = 67.57, p < 0.0001; The mean difference test showed that there was no fixed pattern of LAI values for each year (Fig. 6) . Leaf area index increased gradually until September and started declining in 2013 whereas in 2014, LAI decreased in August and then started increasing gradually. Low rainfall in August 2014 (17.52 mm) could be the reason for the sudden decrease in LAI. In 2015, LAI increased gradually until harvest. The minimum plant spacing (1.22 ´ 0.61 m) in 2013 had significantly higher LAI than the maximum spacing (1.83 ´ 0.91 m). A higher number of plants, as well as less space between the plants, in the narrow spacing could be the reason for higher LAI.
The yearly difference of LAI with spacing was analyzed by measuring LAI at the maximum vegetative stage each year ( Table 2 ). The LAI did not vary with spacing and spacing ´ year interaction. The LAI was significantly different for different years at p < 0.05. Year 2013 had significantly higher LAI (3.8) than 2015 (3.2) or 2014 (2.9).
Net Photosynthesis Rate
Net photosynthesis rate varied among years and dates of observation, with significant interactions for spacing ´ date of observation, year ´ date of observation, and spacing ´ year ´ date of observation (Table 1) . The repeated-measure ANOVA showed that the effect of plant growth stage on net photosynthesis rate was significant at the p < 0.05 level for all years [F(4, 120) = 35.44, The effect of plant growth stage ´ plant spacing interaction was nonsignificant for all years. Photosynthesis rate in all treatments increased from July to August and then decreased in 2013 and 2015 (Fig. 7) , whereas in 2014, net photosynthesis rate of the plants was the least in August. A sudden drop in rainfall in August 2014 could be the reason for the decrease in net photosynthesis rate at that time.
The yearly difference in net photosynthesis was compared by measurement at all growth stages of plants each year (Table 2 ). Net photosynthesis rates were significantly different in different years; however, they did not ).
Total Chlorophyll Content
Chlorophyll content varied among years and observation dates, with significant interactions for year ´ date of observation and spacing ´ year ´ date of observation ( on total chlorophyll content were not significant for all years. Total chlorophyll content of leaves in most of the observations increased gradually until September and then started declining in 2013 and 2015. The total chlorophyll content was the least in August 2014 (Fig. 8) , similar to net photosynthesis rate, probably due to a sudden decrease in rainfall during that month. The total chlorophyll content was compared for yearly difference with measurement at all growth stage of plants each year (Table 2 ). The effect of year was significant on total chlorophyll content at the p < 0.05 level. However, the effect of plant spacing and plant spacing ´ year interaction were not significant for total chlorophyll content. The mean difference analysis with Tukey showed that 2013 had significantly higher (559.9 mg m −2 ) total chlorophyll content than 2014 (535.9 mg m −2 ), whereas 2015 (546.8 mg m −2 ) was not significantly different from either year.
There have been limited studies where the growth and physiology of energy cane were discussed. However, a study in Florida by Na et al. (2014) reported greater plant height (>3.50 m) at harvest than this study. Contrary to this study, they also found the highest tiller number in the early season of plant growth (May-June), which then started declining. Differences in spacing, cultivar, and climatic conditions could be the reason for the variation. In addition, they also reported slight decrease in plant height in the second year vs. the first year. However, they suggested severe thunderstorms during the second year of crop growth as a reason for that. This study showed that established plants in the second and third years grew faster and had greater plant height, tiller number, and leaf number than the newly planted plants in the first year. The LAI reading recorded in this study is comparable with the LAI value reported by Na et al. (2014) . The net photosynthesis rate observed in this study was lower than the value reported by Zhao et al. (2017) in Florida. Differences in genotypes, growing conditions, and the instrument used for measurement might have caused these variations. ) from the second ratoon crop. This study was conducted in marginal land without any additional irrigation. Energy cane biomass yield in this study is similar to the 19 Mg ha −1 reported by Knoll et al. (2012) , which was also conducted with minimal inputs in southern Georgia. However, biomass yield in this study was lower than in a study using same cultivar in southern Georgia (Knoll et al., 2013) and in other studies using different energy cane cultivars in Florida Fedenko et al., 2013; Na et al., 2014; Gordon et al., 2016; Zhao et al., 2017) . Due to late freeze incidence in such regions, crops were harvested later than in this study, which allowed extended duration for crop growth that possibly resulted in higher biomass yield. Irrigation was also provided in several of these studies Fedenko et al., 2013; Zhao et al., 2017) , and there were wide variations in inputs, soil types, and other cultural practices that could have also resulted biomass yield differences across the studies.
Biomass Yield
Averaged across all spacing treatments, no significant differences in biomass yield were found between plant cane and ratoon crops, which is consistent with previous studies using the same (Knoll et al., 2013 ) and a different (Gordon et al., 2016) energy cane cultivar. Contrary to our results, Zhao et al. (2017) found a reduction in dry biomass yield in ratoons crops compared with the plant cane, whereas Fedenko et al. (2013) observed that plant crops produced similar, as well as higher and lower, biomass yields than ratoon crops across different locations. Variations in cultivars, growing conditions, inputs used, soil types, planting and harvesting dates, and other cultural practices might be the reason for inconsistent results among the studies.
Despite differences in energy cane growth among plant spacings and years, biomass yield was not affected by plant spacing, year, or their interaction (Table 3) . No such previous studies on energy cane spacing were found for comparison. However, our results were similar to those reported by several researchers (Garside et al., 2005; Bell, 2009a, 2009b) for sugarcane biomass with plant spacing, but in contrast with those demonstrated by others (Irvine and Benda, 1980; Gascho and Shih, 1981; Mui et al., 1997; Raghu et al., 2006) where they found greater sugarcane biomass yield with narrow spacing than with wide spacing because of effective weed control and more capture of sunlight due to early canopy closure in narrow plant spacing. Bell (2009a, 2009b) and Garside et al. (2005) concluded that higher stalk weight with wide spacing plants versus with narrow spacing was a main reason behind no significant differences in stalk yield. The data from this study showed that wide spacing treatments produced a higher number of tillers and green leaves per plant than narrow spacing treatments (Fig. 4 and 5) . Therefore, plants in wider spacing treatments had greater biomass than plants in narrow spacing treatments, but the larger plant population in narrow spacing compared with wide spacing compensated for the biomass difference and resulted in no significant differences in the biomass yields among treatments.
These findings emphasize the significant economic potential of farming energy cane, where optimum biomass yield can be obtained using the same plant spacing and machinery currently used in sugarcane production. It will provide sugarcane farmers with the option of an additional enterprise by shifting less productive acreage or currently idle marginal lands into energy cane cultivation without incurring major capital investment in farm machinery.
Energy Cane as a Potential Lignocellulosic Feedstock
Energy cane is a perennial C 4 grass that is very efficient in photosynthesis for the production of biomass (Richard et al., 2008) . C 4 plants are more efficient in photosynthesis than C 3 plants due to high light, water, and nutrient use efficiency, and hence can produce high biomass even with low cost and inputs as compared with C 3 plant species. Moreover, C 4 grass species can be grown in marginal land and soil limiting conditions like salinity and water logging; thus, they are considered as ideal feedstock for bioethanol production, especially in high temperature areas with extended light conditions (Byrt et al., 2011) . Energy cane has a long active vegetative growth period of 30 to 35 wk, and green canopy is formed at the top of tillers that keep shifting upward as plants grow, which captures a major portion of the light for photosynthesis. The extended growth period along with green canopy at the top allows this plant to retain a high rate of light interception and radiation use efficiency for a longer duration, resulting in high biomass yield . Energy cane is one of the potential lignocellulosic crops in the southeastern United States due to its competitive advantage in production in this region because of its longer growing period, sufficient sunshine, land, water, and other resources (O'Brien and Suszkiw, 2012) . A study conducted by in Florida with four potential bioenergy crops-two elephant grasses (Pennisetum purpureum Schum.), energy cane (Saccharum spp.), and a pearl millet [Pennisetum glaucum (L.) R. Br.] hybridreported dry matter biomass yield between 37 and 53 Mg ha −1 , with energy cane producing the most biomass yield among them. Kim and Day (2011) calculated theoretical ethanol production of 12,938 kg ha −1 from energy cane, which is much higher than the 3609 kg ethanol ha were chosen as model herbaceous energy crops for the United States and Europe (Heaton et al., 2008b) . Harvestable biomass yields of 10.4 Mg ha −1 from switchgrass and 29.6 Mg ha −1 from Miscanthus were reported in a study conducted in Illinois, (Heaton et al., 2008a) . A study conducted by Heaton et al. (2004) Brien and Suszkiw, 2012) . The biomass yield of energy cane from this study also provides further evidence that energy cane can be used as one of the potential feedstocks for cellulosic ethanol production.
CONCLUSIONS
The results of this study showed that plant spacing had varied effects on energy cane growth and physiology, but no effect on final biomass yield. Narrow spacing resulted in increased plant population density, whereas wide spacing resulted in a higher number of tillers and leaves and produced plants with greater biomass than narrow spacing. Although the narrow to medium spacing had the benefit of higher plant density compared with wide spacing, the higher individual plant biomass in wide spacing compensated for the difference. The nonsignificant differences in biomass yield among the plant spacings suggest that narrow spacing could not provide a larger benefit in terms of biomass yield. The important implication of this study is that one can use wide spacing (1.83 ´ 0.91 m) and existing farm machinery used for planting sugarcane to produce optimal biomass yield for energy cane. Planting with wide spacing also reduces seeding cost, as well as time and energy during planting, compared with narrow to medium spacing. The biomass yield obtained from the energy cane in this study points to its potential as lignocellulosic feedstock for biofuel production. The results can be applied to other regions with similar soil and climatic conditions where energy cane is grown for bioenergy production, and even in marginal lands where food crops cannot be grown.
